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Abstract
Measurements of electrical resistivity and DC magnetization for LixCoO2 (x=0.71 and 0.64)
have been performed using single crystal specimens. It has been found that electrical resistivity
measured after rapid cool of the specimen becomes larger compared with that after slow cool
below the temperature Ts∼155 K at which charge ordering of Co3+/Co4+(=2:1) occurs. The
behavior can be understood considering that the charge ordering can be destroyed by Li ions
which are in an amorphous state after rapid cool via the interlayer Coulomb interactions, and
also that the disordered Co3+/Co4+ state becomes insulating, while the charge ordered state
has a metallic electronic structure, as recently revealed by the scanning tunneling microscopy.
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1 Introduction
LixCoO2 is practically used as a high energy cathode material in commercial Li ion batter-
ies, having a structure consisting of CoO2 layers and interlayers of Li atoms alternatively
stacked along c-axis. In LixCoO2, Li deintercalation from insulating LiCoO2 (x=1.0) generates
Co4+(t52g) ions in the 2D triangular lattice of Co
3+(t62g), leading to a metallic behavior due to
a hole doping in the t2g orbitals[1, 2, 3]. Recent soft x-ray spectroscopy has revealed that holes
with strong O 2p character play an essential role in the electronic and Li-ion conductivities[4]. In
the Li deintercalated specimens, charge ordering of Co3+/Co4+ occurs below TS=155 K[3, 5, 6],
and is closely linked with ordering of Li ions via Coulomb interactions below TF=120 K, above
which Li ions begin to diﬀuse as in a liquid state. Recent observations by scanning tunnel-
ing electron microscope (STM) and density functional theory calculation for Li0.66CoO2 have
revealed that the surface CoO2 layer shows a metallic electronic state with a characteristic order-
ing pattern of Co3+/Co4+ (=2:1) but also shows an insulating state with disordered structures,
depending on the location of the surface[7]. The latter disordered state is originating from the
inhomogeneity in Li-ordering patterns via Coulomb interactions, which is enhanced by rapidly
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cooling from a liquid state down to the temperature far below TF, as in an amorphous state.
Thus, it is expected that the sample measured after rapid cool shows an enhanced electrical
resistivity. In the present work, we have performed the measurements of electrical resistivity
as a function of temperature for LixCoO2 using single crystal specimens in order to conﬁrm
whether or not electrical resistivity depends on the cooling rate of the sample as mentioned
above.
2 Experimental
Single crstal specimens of LixCoO2 were prepared by chemically deintercalating Li from LiCoO2
single crystals using NO2BF4 as an oxidizer in an acetonitrile medium, heating at 50
◦C for
72 h in a pressure vessel with teﬂon liner. LiCoO2 single crystals were obtained from ion
exchange reaction between cleaved Na0.75CoO2 single crystals with thickness ∼0.2 mm and
Li2CO3. The single crystal growth of Na0.75CoO2 was done by a ﬂoating-zone method in a
similar manner as described in the literature[8]. The details of the preparation of LixCoO2
single crystal specimens are described elsewhere[3]. Li content of the delithiated specimens
was determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES). The
phase purity of the specimens was conﬁrmed by powder x-ray diﬀraction. DC magnetization
measurements were carried out by using a commercial SQUID magnetometer MPMS (Quantum
Design). Electrical resistivity was measured using a standard dc four-probe technique in the
sample space of MPMS.
3 Results and Discussion
We show the DC magnetization (M) versus temperature (T ) data for LixCoO2 with x=0.71
and 0.64 measured with an applied magnetic ﬁeld of 1 T parallel to ab plane under zero-ﬁeld-
cooled (ZFC) and ﬁeld-cooled (FC) condition in Figs. 1(a) and 1(b). In the DC magnetization
measurements, we measured ﬁrst up to 400 K after rapid cool of the specimens by rapid sample
insertion into the sample chamber of MPMS which is kept at 10 K in zero ﬁeld. Second, the
measurements were done again after slow cool of the specimens from 400 K to 10 K at a rate
−10 K/min in zero ﬁeld and in a magnetic ﬁeld of 1 T. As seen in Figs. 1(a) and 1(b), the
M−T curve exhibits a sharp drop below TS∼155 K. Also, in the ﬁgures, there is no diﬀerence in
the MZFC−T and MFC−T curves measured after slow cool throughout the whole temperature
range but the M−T curves measured after slow and rapid cool exhibits a clear splitting below
TF∼120 K. These behaviors are consistent with those observed for the specimen with x=0.66
in the previous work[3]. As mentioned in the introductory part, TS∼155 K is the temperature
below which charge ordering of Co3+/Co4+ (=2:1) occurs[3, 5, 6], showing an characteristic
(
√
3×√3)R30◦ ordering pattern[7]. On the other hand, Li ions stop diﬀusing and the ordering
of Li-ions is stabilized below the temperature TF∼120 K, which is consistent with the onset
temperature of Li diﬀusion TLid revealed by the μ
+SR experiments[9] and the temperature for
the occurrence of motional narrowing in the 7Li NMR linewidth TF[10]. The diﬀerence of
the amplitude of magnetization below TF originates from the diﬀerence of the electronic state
in the CoO2 layer, where the charge ordering of Co
3+/Co4+ is stabilized by the ordering of
Li ions after slow cool of the sample, but is destroyed by the disorder of Li ions due to the
glass-like freezing after rapid cool, via the Coulomb coupling between CoO2 and Li layers[3].
The destruction of the charge ordering of Co3+/Co4+ may lead to the enhancement of M at
low temperature since the M−T curve exhibits a sudden increase above TS, where the charge
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Figure 1: Temperature dependence of DC magnetization measured with a magnetic ﬁeld of
H=1 T parallel to ab-plane for LixCoO2 with x=0.71 (a) and 0.64 (b). The measurements were
done both after rapid cool (closed circles) and slow cool of the specimens (open symbols) from
room temperature.
ordering is completely destroyed. As seen in Figs. 1(a) and 1(b), the amplitude of M after rapid
cool is indeed enhanced compared to that after slow cool at low temperature and they coincide
above TF, where Li ions can diﬀuse so that the charge ordering in Co layers is reproduced.
Our interest in the present study is how the electrical resistivity (ρ) versus temperature curve
behaves after rapid cool of the specimens. We have observed in the previous study that the
ρ−T curve after slow cool of the specimen shows a metallic behavior with a jump-like anomaly
at TS, which is consistent with the dI/dV spectrum recently observed by STM[7], showing
Enhanced Electrical Resistivity in LixCoO2 Miyoshi, Manami, Takeuchi, Sasai and Nishigori
280
   



7HPSHUDWXUH.
5H
VLV
WLY
LW\
Ȑ
FP
 /L[&R2
DIWHUUDSLGFRRO
DIWHUVORZFRRO
76
7) VLQJOHFU\VWDO[ 
D
   


7HPSHUDWXUH.
5H
VLV
WLY
LW\
Ȑ
FP

DIWHUUDSLGFRRO
DIWHUVORZFRRO
/L[&R2
VLQJOHFU\VWDO
[ 
76
7)
E
Figure 2: Temperature dependence of electrical resistivity measured along ab-plane for LixCoO2
with x=0.71 (a) and 0.64 (b). The measurements were done both after rapid cool (closed circles)
and slow cool of the specimens (open symbols) from room temperature.
that the charge ordering state in the CoO2 layer has a metallic band structure, while the
disordered Co3+/Co4+ state observed in part of the surface has an insulating band structure.
As also mentioned in the introductory part, we expect that the ρ−T curve measured after
rapid cool of the specimen shows an insulating behavior due to the disordered structure in the
Co3+/Co4+ ordering state induced by the glass-like freezing of Li ions via Coulomb interactions.
Figs 2(a) and 2(b) shows the temperature dependence of electrical resistivity measured after
slow and rapid cool of the specimen for x=0.71 and 0.64, respectively. In the ﬁgures, the
ρ−T curve for x=0.71 and 0.64 measured after slow cool shows a metallic behavior with small
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anomaly at TS∼155 K, consistent with that observed in the previous study[3]. In contrast, the
ρ−T curves measured after rapid cool show a metallic behavior above TS but a rapid increase
below TS as temperature is decreased and show a small anomaly at TF∼120 K. Especially
for x=0.71, the ρ−T curve measured after rapid cool is enhanced remarkably, being almost
two times larger than that measured after slow cool at low temperature. As we expect, the
enhancement in the ρ−T curve has been certainly observed. In the experiments, the rapid
cool of the specimens were done by the rapid insertion of the sample rod into MPMS, as in
a similar way to that in the DC magnetic measurements. If the samples were cooled more
rapidly, the enhancement would be more remarkable. Further experiments may lead to the
exciting discovery of ’rapid cooling induced giant resistance’, such as so-called giant magneto
resistance (GMR) in perovskite manganite, in which electrical resistivity becomes several order
of magnitude smaller by the application of magnetic ﬁeld. Finally, we should note that LixCoO2
is a novel electron system, which provides us a great opportunity to encounter unique low
temperature properties related to the Li-ion dynamics, although LixCoO2 has been attracted
great attention as a high energy cathode material for Li ion batteries.
4 Summary
In the present work, we have performed the measurements of electrical resistivity and DC
magnetization for LixCoO2 (x=0.71 and 0.64) using single crystal specimens. It has been
found that the M−T curve exhibits a sudden decrease at TS∼155 K corresponding to the
charge ordering of Co3+/Co4+ and a characteristic splitting below TF∼120 K depending on the
cooling rate of the sample. We have also found that electrical resistivity measured after rapid
cool is enhanced compared with that measured after slow cool remarkably below TS∼155 K.
The diﬀerence observed in both M−T and ρ−T curves measured after slow cool and rapid cool
originates from the diﬀerence of the ordering patterns of Co3+/Co4+, which is disordered one
after rapid cool but is regular one after slow cool, since the ordering of Co3+/Co4+ is combined
with that of Li ions via Coulomb coupling and Li ions show glass-like freezing after rapid cool
but regular ordering after slow cool across the transition temperature from a liquid state to
solid state TF. The enhancement in the ρ−T curve at low temperature measured after rapid
cool is consistent with the result of the recent STM observation suggesting that the disordered
state of Co3+/Co4+ has an insulating electronic structure but the ordered state of Co3+/Co4+
has a metallic one[7].
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